The vertebrate limb is an ideal model system in which to study the cell interactions that lead to the generation of patterns of differentiated cells and tissues during embryonic development. Over the past 40 years or so, the developing limb has been the focus of a wealth of experimental analysis. This analysis established the cell interactions that are necessary to form a limb. More recently, some of the molecules that provide the basis of these interactions have been discovered. These molecules include retinoids (the collective term for vitamin A derivatives), growth factors and homeobox-containing genes. It is intriguing that similar sets of molecules appear to operate at different times and places in vertebrate embryos. This suggests that common signalling systems are involved. Here, I will concentrate on the roles ofgrowth factors that may provide important signals in the limb bud.
Most of the experimental work on limb development has been carried out on chick embryos [ 11. This is because the developing limb bud can be manipulated in ovo and subsequent effects on pattern monitored later. The early bud consists of undifferentiated mesenchyme cells encased in ectoderm (Figure 1) . During development, the bud elongates and cells in the proximal part of the limb bud (the part nearest the body wall) start to differentiate. The structures of the limb are laid down in proximo-distal sequence. For example, in the chick wing, the humerus forms first, followed by the radius and ulna and finally digits (Figure 1) .
Two major interactions have been identified from experiments on chick limb buds. One set of Abbreviations used: FGF> fibroblast growth factor; TCF, transforming growth factor. ~ interactions takes place at the tip of the limb bud between the thickened epithelium, the apical ectodermal ridge, and underlying mesenchyme. The interaction between apical ridge and underlying mesenchyme is necessary for outgrowth. When an additional apical ridge is grafted to the dorsal surface of a wing bud, an outgrowth is induced and an extra limb sprouts from the host limb. When the apical ridge is cut away from the bud, the limb is truncated. The apical ridge maintains at the tip of the limb bud a region of undifferentiated cells, Removal of the apical ridge of the chick wing bud leads to a rapid inhibition of bud outgrowth. A short period (24 h) after the operation (and the implantation of a bead soaked in saline), the bud is clearly stunted (Figure 2a) . When a bead soaked in FGF-4 is stapled to the bud following ridge removal, outgrowth continues and a bulbous bud is formed (Figure 3b) . Removal of the apical ridge from early buds leads to truncated limbs in which only a humerus forms. However, when beads soaked in FGF-4 are stapled in appropriate positions to the bud after ridge removal, a series of structures along the proximo-distal axis develops and even digits are formed [6] . The most complete limbs were obtained when two FGF-4 beads were placed simultaneously along the bud margin at its apex and A bead soaked in FGF-4 is applied to apex, the bud has continued t o grow out and is rather bulbuos (c) A limb that developed following removal of the apical ridge from the early bud A bead soaked in FGF-4 was stapled t o the posterior margin The limb consists of humerus, ulna and posterior digits Note the 'bunching' of the digits ( d ) Transverse section through a wing bud in which an FGF-4 bead has been placed after removal of the apical ridge The limb section is spherical and the bead lies in centre posterior. A single bead placed posteriorly after ridge removal also gives a complete set of posterior structures along the proximo-distal axis, although the radius and digit 2 do not form (Figure 3c ). The importance of posteriorly applied FGF-4 is that it maintains the posterior mesenchymal signalling region, the polarizing region [6, 7] . New cells generated by FGF-4 in the absence of the ridge give rise to distal structures only if they are exposed to a polarizing region signal.
FGF-4 can very effectively substitute for the ridge signal that controls bud outgrowth. However, not unexpectedly, FGF-4 cannot substitute for the mechanical role of the ridge. In the normal limb bud, the apical ridge stiffens the ectodermal covering of the bud and leads to dorso-ventral flattening.
When the apical ridge is substituted by FGF-4 bead(s), the bud loses its dorso-ventral flattening (Figure 3d ) and becomes spherical in cross-section. This change in bud shape could lead to the characteristic bunching of digits that occurs in FGF-4-treated limbs in the absence of the ridge [6] .
Members Hox-D genes. Grafts of polarizing region or application of retinoic acid also induce ectopic domains of Bmp-2 transcripts. In the future, it should be possible to elucidate these pathways in more detail, find out which targets are direct and which indirect and identify the sequence of genes in the signal and response cascades. A major challenge will then be to understand how molecular responses to signals are translated at the cellular and tissue levels to give particular structures. How does expression of, say, a particular combination of Hox genes lead to the development of a particular digit?
Finally, the two signalling systems must act in concert. The limb pattern is established in a coordinated fashion along both the proximo-distal and and patterning is also mediated by the apical ridge. The number of structures across the anteroposterior axis, in particular the number of digits, is related to the length of the apical ridge. When additional digits are specified by either grafting a polarizing region or applying retinoic acid, the apical ridge is maintained over the anterior part of the bud and the bud becomes broader [19] . It is possible that BMP-2 could act as a signal between mesenchyme and ridge to regulate ridge length. 
